Alcohol binge drinking is on the increase in the young adult population, and consumption during pregnancy can be deleterious for foetal development. Maternal alcohol consumption leads to a wide range of long-lasting morphological and behavioural deficiencies known as foetal alcohol spectrum disorders (FASD), associated with neurodevelopmental disabilities. We sought to test the effects of alcohol on neuroimmune system activation and its potential relation to alcohol-induced neurodevelopmental and persistent neurobehavioural effects in offspring after maternal alcohol binge drinking during the prenatal period or in combination with lactation. Pregnant C57BL/6 female mice underwent a procedure for alcohol binge drinking either during gestation or both the gestation and lactation periods. Adult male offspring were assessed for cognitive functions and motor coordination. Early alcohol exposure induced motor coordination impairments in the rotarod test. Object recognition memory was not affected by maternal alcohol binge drinking, but Y-maze performance was impaired in pre-and early postnatal alcohol-exposed mice. Behavioural effects were associated with an upregulation of pro-inflammatory signalling (Toll-like receptor 4, nuclear factor-kappa B p65, NOD-like receptor protein 3, caspase-1, and interleukin-1b), gliosis, neuronal cell death and a reduction in several structural myelin proteins (myelin-associated glycoprotein, myelin basic protein, myelin proteolipid protein and myelin regulatory factor) in both the prefrontal cortex and hippocampus of adult mice exposed to alcohol. Altogether, our results reveal that maternal binge-like alcohol consumption induces neuroinflammation and myelin damage in the brains of offspring and that such effects may underlie the persistent cognitive and behavioural impairments observed in FASD.
Introduction
The developing central nervous system (CNS) is particularly vulnerable to the toxic effects of alcohol (Alfonso-Loeches and Guerri, 2011; Andersen, 2003) . Indeed, alcohol exposure in utero may lead to a wide range of long-lasting physical, cognitive and neurobehavioural anomalies, collectively known as foetal alcohol spectrum disorders (FASD), in offspring (D€ orrie et al., 2014; Jacobson and Jacobson, 2002; Larkby et al., 1997; Sokol et al., 2003) , with foetal alcohol syndrome (FAS) as the most severe form of the FASD spectrum, characterized by gross skeletal and craniofacial abnormalities and severe CNS alterations (Jones and Smith, 1973) . Despite its preventability, FASD remains a leading cause of neurodevelopmental disability, affecting between 2% and 5% of the population in the United States and western Europe (CDC, 2016; May et al., 2014) . Some studies have shown that heavy episodic drinking throughout pregnancy is associated with severe risks of neurodegeneration and cognitive damage (Flak et al., 2014; Saito et al., 2016) . However, there are some discrepancies in the literature addressing the neurobiological consequences of alcohol bingeing during critical periods of brain development. Such differences may be due to the developmental timing of alcohol exposure, which markedly influences the neurobehavioural dysfunction outcome as each brain region has its own sensitive developmental period (Alfonso-Loeches and Guerri, 2011; Sadrian et al., 2014) . In addition, other biological and environmental factors can influence the extent of alcohol-induced damage in the developing brain, such as the dose and the exposure pattern of alcohol, the mother's and foetus's genetic background, maternal nutrition and synergistic reactions with other drugs.
The molecular mechanisms of alcohol-induced neuroteratogenesis are complex, and different studies have demonstrated that alcohol disrupts the formation of the developing CNS by interfering with several molecular, biochemical and cellular events required for neurodevelopment (Alfonso-Loeches and Guerri, 2011; Guerri et al., 2009; Most et al., 2014) , leading to long-term cognitive and behavioural dysfunction. Recent studies have shown that alcohol can activate the innate neuroimmune system, contributing to brain damage and neurodegeneration in adults and adolescents (Crews et al., 2015; Montesinos et al., 2016 ). These studies demonstrate that alcohol intake stimulates brain immune cells, microglia and astrocytes (Alfonso-Loeches et al., 2010; Fernandez-Lizarbe et al., 2009 ) by activating innate immune receptors, Toll-like receptors (TLRs) and NOD -like receptors, and by triggering signalling pathways that culminate in the production of pro-inflammatory cytokines and chemokines, leading to neuroinflammation, myelin alterations and neural damage (Alfonso-Loeches et al., 2012 , 2010 Crews et al., 2015; Montesinos et al., 2016 Montesinos et al., , 2015 . However, although the role of neuroimmune system activation in the pathogenesis of FAS has been scarcely addressed, some recent studies have shown that alcohol exposure during the neonatal period causes microglial activation and the release of cytokines, suggesting an activation of the immune response (Drew and Kane, 2014; Topper et al., 2015) . Interestingly, maternal immune activation (MIA) and inflammation during foetal and neonatal life also affect critical phases of brain development and contribute to the development of neurological and mental disorders (see revs. Hagberg et al., 2015 Hagberg et al., , 2012 ) through a mechanism involving the activation of TLRs (Hagberg et al., 2015) .
The present study aims to evaluate the effects of alcohol on neuroimmune-related biomarkers in the offspring of dams exposed to alcohol bingeing during gestation, with and without lactation. To our knowledge, this is the first study to assess the effects of prenatal and lactational binge alcohol exposure using an animal model of voluntary maternal binge-like alcohol consumption as most of the previous studies used ad libitum oral access, an inhaler or a parenteral route of alcohol administration at different stages of gestation (Patten et al., 2014) . In addition, the molecular alterations induced by foetal and postnatal alcohol exposure were studied, especially those related to the neuroimmune response and its relation to myelination processes and neural damage in specific brain areas, such as the prefrontal cortex (PFC) and hippocampus (HPC) of mice exposed to binge alcohol consumption during early development, potentially contributing to the behavioural outcome.
It should be emphasized that the experimental model used in the present study reproduces a realistic human situation. Furthermore, we extended alcohol exposure to weaning as most mothers who drink during pregnancy continue to do so when breastfeeding, thus transferring alcohol to infants through their milk (Haastrup et al., 2014) . The first 10 postnatal days in rodents are approximately equivalent to the third human gestational trimester, thus covering the entire human-equivalent gestational period (AlfonsoLoeches and Guerri, 2011; Patten et al., 2014) . To reproduce an episodic pattern of excessive alcohol drinking during pregnancy and lactation periods, we exposed pregnant and nursing C57BL/6 female mice to an alcohol solution using the drinking-in-the-dark (DID) test paradigm (Rhodes et al., 2005) , which has been proposed as a useful binge drinking model of FASD (Boehm et al., 2008) . Subsequently, male offspring were assessed for their cognitive and motor function at adulthood. Motor coordination was evaluated by means of the rotarod test. Working and recognition memory were assessed using the Y-maze and the object recognition test, respectively.
Materials and methods

Animals
Male and female C57BL/6 inbred mice were purchased from Charles River (Barcelona, Spain) and shipped to our animal facility (UBIOMEX, PRBB) to be used as breeders. Animals were 12 weeks old when breeding began and were individually housed in standard cages in a temperature-(21 ± 1 C), humidity-(55% ± 10%) and light-cycle-controlled room. Lighting was maintained during a 12-h Mice were allowed to acclimatize to the new environmental conditions for at least 1 week prior to experimentation, which occurred during the dark phase under a dim red light. After successful mating, pregnant females were observed daily for parturition. For each litter, the date of birth was designated as postnatal day (PD) 0. Pups remained with their mothers for 21 days and were then weaned (PD21). After weaning, male offspring were housed in groups of four. Food and water were available ad libitum, except when water was substituted by alcohol according to the DID procedure and during behavioural testing of the offspring. Every effort was made to minimize the number of animals used and their suffering. All animal care and experimental procedures were conducted in accordance with the European Communities Directive 86/609/EEC regulating animal research and were approved by the local ethics committee (CEEA-PRBB).
Drugs
Ethyl alcohol was purchased from Merck Chemicals (Darmstadt, Germany) and diluted in tap water to obtain a 20% (v/v) alcohol solution.
Drinking-in-the-dark test
This procedure was conducted as previously reported with minor modifications (Esteve-Arenys et al., 2017; Rhodes et al., 2005) , commencing two days after mating. Pregnant females were randomly assigned to two groups: alcohol-and water-exposed (control). Briefly, the food was removed and the water bottles were replaced with 10-ml graduated cylinders fitted with sipper tubes containing either 20% (v/v) alcohol in tap water or only tap water 3 h after the lighting was deactivated. Following a 2 h-access period, individual intake was recorded and food and water bottles were returned to the home cage. During this time, the mice were individually housed, and each corresponding male breeding pair was removed from the home cage for the DID procedure. This procedure was repeated on days 2 and 3, and fresh fluids were provided each day (from Monday to Wednesday). On day 4 (Thursday), alcohol or water cylinders were left for 4 h and fluid intakes were recorded. Two empty control cages (water and alcohol) were placed in the rack to measure general liquid loss (leakage/evaporation), and drip values were subtracted from the drinking values. Fluid intakes (g/kg body weight) were calculated from average 2-day body weight values as dams were weighed at 2-day intervals (Mondays and Wednesdays). The procedure was maintained throughout the 3-week gestation and/or 3-week lactation periods. Food and water consumption during ad libitum periods was measured in both pregnant and nursing female mice.
Blood alcohol concentration analysis
Blood samples were collected from the submandibular vein of the female mice immediately after the final alcohol intake session (4th day of 3rd week). Blood samples were placed on ice for slow coagulation and were centrifuged at 10,000Âg for 40 min at 4 C to obtain cell-free plasma, which was stored at À80 C until alcohol quantification analysis was performed. Aliquots of 5 ml of each sample were transferred to sample microvials, combined with 5 ml of internal standard solution (0.2 g/l isopropanol) and placed in a water bath at 50 C for 5 min. Then, 1 ml of the headspace gas was manually injected using a Hamilton syringe into a gas chromatograph (Agilent 7890A GC-system) equipped with a flame ionization detector (GC-FID). Alcohol and internal standard were separated on a capillary column (Supelcowax-10 ® , 30 m Â 250 mm x 0.25 mm) using helium as a carrier gas at a constant flow rate of 2.0 ml/min (split ratio 20:1). The column oven temperature was isothermal at 55 C, and the injector and the FID system were set at 150 C and 200 C, respectively. Alcohol concentrations were quantified from linear standard curves (10e200 mg/dl alcohol) using the peak area ratios of alcohol to the internal standard using the Agilent Chemstation software.
Neonatal offspring assessment
Litters were left undisturbed until PD5, after which the litter size was determined. The weights of the entire litter were collected on PD5 and PD21, and average pup weight was determined by dividing the total litter weight by the number of pups present in each litter, as previously described (Brady et al., 2012) . Postnatal mortality was calculated as [(nº of pups on PD0 À nº of pups on PD5)/nº of pups on PD0] x 100. No significant between-group differences were found in any of the measured parameters (data not shown).
Rotarod
Late adolescent mice (PD48) were trained at a fixed speed (4 rpm) on the accelerating rotarod apparatus (five-line accelerating rotarod; LE 8200, Panlab s.l.u, Barcelona, Spain), as previously reported (Bilkei-Gorzo et al., 2005; Moscoso-Castro et al., 2016) . The rotarod accelerated from 4 to 40 rpm over 2 min. Motor coordination was measured in a session comprising 10 consecutive trials interleaved by 30-s breaks. The mean rpm achieved prior to falling in the last four trials was averaged as a measure of motor coordination.
Spontaneous alternation Y-maze test
Adult mice (PD60) were assessed for spatial working memory as previously reported (Arai et al., 2001) . Briefly, mice were placed in the centre of a Y-shaped maze with the two equal arms, each 395 mm long and separated by 120 angles, and were allowed to freely explore for 8 min. Arm choices were manually recorded. Three consecutive choices of three different arms were counted as an alternation. The score was obtained by dividing the total number of alternations by the total number of choices minus 2.
Object recognition test
Adult mice (PD60) were assessed for recognition memory as previously reported (Maccarrone et al., 2002) , with minor modifications. The test was performed in a white Plexiglas box (50 cm Â 50 cm x 30 cm) with white vertical walls under dim light intensity (30 lux) in the middle of the field. The objects to be discriminated were a black plastic figure (Object A) and a red wooden figure (Object B). First, mice were individually acclimatised to the box for 15 min. After 24 h, the acquisition trial took place, and the mice were allowed to explore the box for 10 min in the presence of either object A or object B (counterbalanced). A 10-min retention trial occurred 24 h later with objects A and B placed in the openfield. The time spent by the animal exploring object A (tA) and object B (tB) was recorded using Smart software (Panlab s.l.u., Spain). The recognition index (%) was defined as [tB/(tA þ tB)] x 100 for animals exploring object A in the acquisition trial or [tA/ (tA þ tB)] x 100 for mice exploring object B during the acquisition trial.
Sample preparation and western blot analysis
Total protein extracts were isolated from PFC and HPC brain areas (250 mg tissue/0.5 ml lysis buffer) extracted from adult mice (PD70) after behavioural testing in the Y-maze apparatus and the object recognition test. Mice used in the rotarod experiments were not used for molecular assays. The tissue was first homogenized in cold lysis buffer (1% Nonidet P-40, 20 mM Tris-HCl pH8, 130 mM NaCl, 10 mM NaF, 10 mg/ml aprotinin, 10 mg/ml leupeptin, 10 mM DTT, 1 mM Na 3 VO 4 and 1 mM PMSF). Homogenates were kept on ice for 30 min and centrifuged at 15,000Âg for 15 min, and the supernatant was collected to determine the protein concentration. In addition, to detect nuclear proteins, we isolated the cytoplasmic and nuclear extracts using the Epiquik Nuclear Extraction kit, carefully following the manufacturer's instructions (Epigentek, Farmingdale, NY). The lysate protein concentration was measured using the Pierce BCA (bicinchoninic acid) assay kit (Thermo Fisher Scientific, Spain). Lysates were then separated by SDS-PAGE, and immunoblotting was performed as previously described (AlfonsoLoeches et al., 2010) . Membranes were incubated overnight at 4 C with primary antibodies (see Table 1 , below). After washing with TBS/T, blots were incubated with their respective HRPconjugated antibodies: anti-rat (1/1000, Santa Cruz Biotechnology), anti-mouse (1/5000, Sigma Aldrich) or anti-rabbit (1/ 20000, Sigma Aldrich). Blots were developed using the ECL system (ECL Plus, Amersham Biosciences). Some membranes were stripped for 1 h at 60 C in SDS solution (2% SDS, 0.85% 2-ME, and 65 mM Tris-HCl (pH 6.8)) and washed and incubated with anti-GAPDH (1/ 3000, Chemicon), anti-lamin A/C (LMNA; 1/1000, Cell Signalling) or anti-vinculin (1:10000, Abcam) for 2 h as loading controls. A densitometry analysis was assessed using Alpha-Ease FC, version Alpha Imager 2200 (Alpha Innotech Corporation). For comparative purposes, control values were normalized to 100%, and the respective protein expression values were adjusted according to the normalization factor.
Interleukin-1b enzyme-linked immunosorbent assay (ELISA)
Brain tissue was homogenized in cold lysis buffer (1% Nonidet P-40, 20 mM Tris-HCl pH8, 130 mM NaCl, 10 mM NaF, 10 mg/ml aprotinin, 10 mg/ml leupeptin, 10 mM DTT, 1 mM Na3VO4 and 1 mM PMSF) (250 mg tissue/0.5 ml). Lysis samples were kept on ice for 30 min and centrifuged at maximum speed (13,000 rpm) for 15 min. The supernatant was collected for protein and cytokine determination. Protein concentration was determined by using the Pierce BCA (bicinchoninic acid) assay kit (Thermo Fisher Scientific, Spain). The cytokine levels of interleukin (IL)-1b were measured using the enzyme-linked immunosorbent assay kit (Bender MedSystems GmbH, Austria), carefully following the manufacturer's instructions, as previously reported (Alfonso-Loeches et al., 2016).
IL-1b levels were expressed as pg/mg of protein.
Statistical analysis
Results are expressed as the mean ± SEM. Data obtained from the DID test were analysed using two-way analysis of variance (ANOVA) with group as a between-subject factor and day as a within-subject factor, followed by Bonferroni post hoc comparisons when required. One-way ANOVA with repeated measures was used to analyse alcohol intake during the DID test. Behavioural and biochemical data were analysed using unpaired two-tailed Student's t-test. Pearson's correlation analysis was used to explore correlations between the variables. In all experiments, differences were considered significant when the probability of error was less than 5%. All statistical analyses were performed using GraphPad Prism 6 (GraphPad Software, San Diego, CA).
Results
Maternal binge-like alcohol drinking during prenatal and lactation periods
DID procedure was performed to mimic voluntary binge alcohol drinking during gestation and lactation. Two-way ANOVA analysis of the DID test in dams exposed to alcohol only during the 3-week gestation period showed a significant effect of day [F(11,220 Bonferroni post hoc comparisons revealed that alcohol drinking was significantly higher on days 4 (p < 0.001), 5 (p < 0.05), 8 (p < 0.001), 9 (p < 0.01), 11 (p < 0.05) and 12 (p < 0.001) compared to the volume consumed by water-drinking dams (Fig. 1A) .
To analyse differences in alcohol intake between each drinking session, one-way ANOVA with repeated measures showed a significant effect of day [F(11,99) ¼ 21.922; p < 0.001]. Furthermore, post hoc comparisons revealed significant differences between day 4 and days 1e3 (p < 0.001) and between day 8 and days 5e7 (p < 0.001), which correspond to the 4 h drinking sessions. However, on day 12, alcohol intake was not significantly different from days 9e11 (Fig. 1C) .
Two-way ANOVA of the DID test in dams exposed to alcohol during the 3-week gestation period and the 3-week lactation period showed a significant effect of day [F(23,345 (Fig. 1B) . Similarly, one-way ANOVA with repeated measures for alcohol drinking levels showed a significant effect of day [F(23,391) ¼ 26.349; p < 0.001]. Bonferroni post hoc comparisons revealed significant differences between binge sessions and the 2-h access sessions: day 4 compared to days 1e3 (p < 0.001), day 8 compared to days 5e7 (p < 0.001), day 12 compared to days 9e11 (p < 0.001), day 16 compared to days 13e15 (p < 0.05), day 20 compared to days 17e19 (p < 0.05) and day 24 compared to days 21e23 (p < 0.001) (Fig. 1D) .
Maternal body weight was measured at 2-day intervals during gestation and lactation periods. Two-way ANOVA analysis of body weight measures during the prenatal DID test ( Fig. 2A) One-way ANOVA analysis of food intake measurements during 24-h ad libitum periods before and after birth (Table 2) showed a group effect [F(3,10) ¼ 5.828; p < 0.05], but Bonferroni post hoc comparisons revealed no significant differences between water-or alcohol-exposed females. A significant increase in food intake was found within water-exposed dams between pre-and postnatal periods (p < 0.05). As for the measurement of water intake during the 24-h ad libitum periods, one-way ANOVA analysis showed a group effect [F(3,10) ¼ 14; p < 0.001]. Furthermore, Bonferroni post hoc comparisons revealed significant differences in the ad libitum water intake of water-exposed females during pregnancy compared with their consumption after parturition (p < 0.01) in addition to significant differences found in the water intake of alcohol-exposed females between pre-and post-birth ad libitum consumption (p < 0.01). Nevertheless, no differences were found in ad libitum water consumption between water-and alcohol-exposed females during pregnancy or breastfeeding. Fig. 1 . Maternal alcohol drinking. Volume of alcohol consumed during the DID procedure throughout the prenatal period (A) or both prenatal and lactation periods (B). Alcohol was available for 2 h/day on days 1e3 and 4 h on day 4 of the series. Two-way ANOVA and Bonferroni post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001 Water vs. Alcohol. Alcohol intake (g EtOH/kg) during the prenatal DID test (C) or prenatal and lactation DID test (D). One-way ANOVA with repeated measures and Bonferroni post hoc test. *p < 0.05, ***p < 0.001 day 4 of each week compared with the 3 previous days. Data are expressed as mean ± SEM (n ¼ 11 to 16).
Blood alcohol concentration measurement
Blood alcohol concentrations (BAC) were measured after the final gestational binge-like session (day 12 of the test) with values [mean ± SEM] of 79.27 mg/dl ± 21.45 and following the last binge drinking session during lactation (day 24 of the test), obtaining values of 81.57 mg/dl ± 12.89 by GC-FID (n ¼ 4e7 per group). Furthermore, Pearson's correlation calculated between BAC values (mg/dl) and the volume of alcohol consumed (ml) showed a significant positive correlation (r ¼ 0.5803; p < 0.05) and a correlation between BAC values (mg/dl) and alcohol intake levels (g EtOH/kg body weight) (r ¼ 0.6877; p < 0.05) (Fig. 3) .
Maternal alcohol drinking induces long-term motor coordination deficits in offspring
To assess the effects of early alcohol exposure on motor coordination in late adolescent mice (PD48), the mean rpm achieved on the last four trials of the rotarod test was calculated. As shown in Fig. 4 , the mean rpm was significantly lower in both prenatal alcohol-exposed (PAE) (t 6 ¼ 2.848; p < 0.05) and prenatal and lactation alcohol-exposed (PLAE) (t 14 ¼ 3.623; p < 0.01) mice, suggesting motor coordination impairments in both groups.
Prenatal and early postnatal alcohol exposure were required to induce working memory impairments later in adulthood
To evaluate the long-term effects of early alcohol exposure on spatial working memory, the Y-maze spontaneous alternation test was performed in adult mice (PD60), a task that is mainly dependent on PFC function but also involving other brain areas (Lalonde, 2002; Yoon et al., 2008 ). Student's t-test showed no significant differences in the percentage of spontaneous alternation between PAE mice and the control group (t 18 ¼ 0.6836; n.s.) (Fig. 5A) , whereas PLAE mice showed a significant decrease in the Y-maze score compared with their counterparts (t 16 ¼ 2.652; p < 0.01) (Fig. 5B) . In addition, the score obtained in the Y-maze test tended to show a significant correlation with the corresponding maternal alcohol intake in PLAE mice as calculated by Pearson's coefficient of correlation (r ¼ À0.5657; p ¼ 0.06) (Fig. 5D ). However, in PAE mice, the Pearson's correlation calculated between the score and maternal alcohol intake (g EtOH/kg) showed a negative correlation, albeit statistically insignificant (r ¼ À0.3655; n.s.) (Fig. 5C ).
Object recognition memory was not impaired by maternal binge-like alcohol drinking
The object recognition test was used to assess the effects of maternal alcohol drinking on recognition memory, a hippocampaldependent task in adult mice (PD60) prenatally exposed to alcohol. Student's t-test showed no significant differences either between the recognition index (%) of PAE mice and control group (t 14 ¼ 0.6436; n.s.) or between PLAE and control mice (t 11 ¼ 0.02086; n.s.) (data not shown).
Maternal alcohol binge drinking induced persistent activation of neuroinflammatory pathways
The expression levels of the innate immune receptors TLR4 and TLR2 were measured in the PFC and HPC of both PAE and PLAE adult mice (PD70). Student's t-test showed a significant increase in TLR4 expression in the PFC of PAE mice (t 5 ¼ 3.3949; p < 0.05), but there were no significant differences in the HPC (t 5 ¼ 0.2372; n.s.) (Fig. 6A) . In PLAE mice, a significant increase in TLR4 expression was found in the PFC (t 8 ¼ 2.84143; p < 0.05) and the HPC (t 6 ¼ 3.06974; p < 0.05) (Fig. 6B) . As for the TLR2 expression, there were no significant differences between PAE and control mice in the PFC (t 4 ¼ 1.46118; n.s.) or in the HPC (t 4 ¼ 1.17669; n.s.) (Fig. 6C) . In PLAE mice, we found an increased TLR2 expression in the PFC (t 8 ¼ 4.34934; p < 0.01) and the HPC (t 8 ¼ 2.49116; p < 0.05) (Fig. 6D) . The NFкB/p65 levels increased in the nuclear extracts of the PFC (t 6 ¼ 3.91569; p < 0.01) and the HPC (t 6 ¼ 2.50579; p < 0.05) of PAE animals (Fig. 6E) . In PLAE mice, NFкB/p65 levels increased in the PFC (t 8 ¼ 2.42713; p < 0.05), and a tendency towards a statistically significant increased expression was found in the HPC (t 8 ¼ 2.12697; p ¼ 0.06) (Fig. 6F ).
As shown in Fig. 7, NLRP3 , an inflammasome protein, and caspase-1 levels were also analysed in the PFC and HPC of PAE and PLAE mice. An increase in NLRP3 expression was found in the PFC of PAE mice (t 6 ¼ 3.222; p < 0.05), but no differences were found in the HPC (t 4 ¼ 1.8692; n.s.). Similar results were obtained in PLAE mice, with NLRP3 expression increasing in the PFC (t 8 ¼ 5.2111; p < 0.001) but remaining unchanged in the HPC (t 6 ¼ 0.8661; n.s.). Although caspase-1 expression significantly increased in the PFC (t 5 ¼ 3.2188; p < 0.05), it was not significantly altered in the HPC (t 6 ¼ 1.1187; n.s.) of PAE mice. In PLAE mice, a significant increase in caspase-1 expression was found in the PFC (t 7 ¼ 2.7096; p < 0.05) and HPC (t 4 ¼ 5.9977; p < 0.01). In addition, the IL-1b cytokine levels were measured using ELISA. Student's t-test revealed a significant increase in the PFC of PAE mice (t 8 ¼ 2.63128; p < 0.05). However, in the HPC, no significant differences were observed in terms of IL-1b expression (t 5 ¼ 0.9188; n.s.) (Fig. 7E) . In contrast, in the PFC of PLAE mice, Student's t-test showed no significant differences in IL-1b expression (t 4 ¼ 2.05368; n.s.), whereas in the HPC, the increase was significant (t 4 ¼ 3.0009; p < 0.05) (Fig. 7F) .
In addition, Pearson's correlation analyses were performed between data obtained from the biochemical studies of offspring and . Persistent alterations in the neuroinflammatory pathways associated with the innate immune response due to maternal binge alcohol drinking. Western blot analysis of TLR4, TLR2 and NFкB/p65 was performed for each study condition in PAE animals (A, C, E) and PLAE mice (B, D, F). GAPDH and lamin A/C were used as loading controls. A representative blot of each protein is shown. Normalized densitometry values are presented as mean ± SEM (n ¼ 3e5 per group). Student's t-test *p < 0.05, **p < 0.01 Water vs. Alcohol. each corresponding maternal alcohol intake (mean of binge sessions) (Table 3) .
Early alcohol exposure induced glial activation and neuron cell damage
The expression levels of the glial fibrillary acidic protein (GFAP)
were assessed in the PFC and HPC of PAE and PLAE mice. Student's t-test revealed an increase in GFAP expression in the PFC (t 4 ¼ 3.0009; p < 0.05), but no differences were noted in the HPC (t 7 ¼ 0.2945; n.s.) of PAE mice (Fig. 8A) . In PLAE mice, a significant increase in GFAP expression was found in both the PFC (t 5 ¼ 2.5758; p < 0.05) and HPC (t 5 ¼ 3.5692; p < 0.05) (Fig. 8B) . Furthermore, Neuronal Nuclei (NeuN) marker expression was analysed in the PFC Fig. 7 . Persistent effects of early alcohol exposure on the expression levels of pro-inflammatory molecules. Western blot analysis of NLRP3 and caspase-1 was performed for each study condition in PAE animals (A, C) and PLAE mice (B, D). GAPDH was used as a loading control. A representative blot of each protein is shown. Normalized densitometry values are presented as mean ± SEM (n ¼ 3e5 per group). IL-1b cytokine levels were assessed in PAE (E) or PLAE (F) mice by using an ELISA and expressed as pg/mg of protein [mean ± SEM] (n ¼ 3e5 per group). Student's t-test *p < 0.05, **p < 0.01, ***p < 0.001 Water vs. Alcohol. and HPC. No significant differences were found in the PFC of PAE mice (t 5 ¼ 1.3712; n.s.), although a tendency towards a significant reduction of NeuN expression was observed in the HPC of mice prenatally exposed to binge alcohol (t 4 ¼ 2.7154; p ¼ 0.05) (Fig. 8C) . In PLAE mice (Fig. 8D) , a significant reduction of NeuN expression was found in the PFC (t 4 ¼ 4.0306; p < 0.05). However, no differences were found in the HPC of PLAE mice (t 5 ¼ 1.3602; n.s.). In addition, caspase-3/p17 expression was assessed to investigate whether cell loss was due to alcohol-induced apoptosis. In PAE mice (Fig. 8E ), Student's t-test showed no significant differences in the PFC (t 5 ¼ 1.5552; n.s.) or HPC (t 5 ¼ 1.233; n.s.). However, a significant increase in caspase-3/p17 was found in the PFC of PLAE mice (t 5 ¼ 5.689; p < 0.01), but no differences were found in the HPC (t 4 ¼ 0.1898; n.s.) (Fig. 8F) . Additionally, Pearson's correlation analyses were performed between these markers of gliosis and brain damage and each corresponding maternal alcohol intake (mean of binge sessions) ( Table 4) .
Persistent effects of early alcohol exposure on myelin proteins
The expression levels of myelin-associated glycoprotein (MAG), myelin basic protein (MBP) and myelin proteolipid protein (PLP) were assessed for each experimental condition to study the persistent effects of maternal binge alcohol drinking on myelin integrity. Student's t-test showed decreased expression of MAG (t 10 ¼ 2.6544; p < 0.05) and PLP (t 8 ¼ 3.06885; p < 0.05) proteins, but no statistically significant differences were found in the expression levels of MBP (t 6 ¼ 2.2660; p ¼ 0.06) in the PFC of PAE mice (Fig. 9A) . MAG levels were also found to have significantly decreased (t 6 ¼ 2.84173; p < 0.05) in addition to PLP levels (t 7¼ 3.1494; p < 0.05), but no differences were appreciated in MBP (t 6 ¼ 1.33305; n.s.) expression in the HPC of PAE mice (Fig. 9C) . Furthermore, a diminished expression of MAG (t 8 ¼ 3.11658; p < 0.05), MBP (t 8 ¼ 3.60847; p < 0.01) and PLP (t 8 ¼ 2.47675; p < 0.05) proteins was observed in the PFC of PLAE mice compared with the control group (Fig. 9B) . Similarly, in the HPC of PLAE animals, a decrease was found in the expression levels of MAG (t 6 ¼ 5.179; p < 0.01), MBP (t 8 ¼ 2.62483; p < 0.05) and PLP (t 8 ¼ 3.03391; p < 0.05) proteins (Fig. 9D) . Furthermore, the expression levels of the major myelin regulatory factor MYRF were analysed in the PFC and HPC of PAE and PLAE mice (Fig. 10) . Student's t-test showed a significant reduction of MYRF expression in the PFC (t 6 ¼ 3.07389; p < 0.05), but no differences were found in the HPC (t 8 ¼ 0.37167; n.s.) of PAE mice compared with their counterparts. In PLAE mice, MYRF expression was found to diminish significantly in both the PFC (t 6 ¼ 3.91857; p < 0.01) and HPC (t 7 ¼ 2.9443; p < 0.05) brain areas.
In addition, Pearson's correlation analyses were performed between the myelin-related protein expression of offspring and each corresponding mean of maternal alcohol intakes during binge sessions (Table 5) .
To explore the possible association between neuroimmune activation and myelin damage, Pearson's correlation analyses were performed between the levels of all the studied pro-inflammatory molecules and myelin proteins in the PFC and HPC of both PAE and PLAE mice. We found a statistically significant negative correlation between caspase-1 levels and MYRF expression in the PFC of PAE mice (r ¼ À1; p < 0.01), whereas in the HPC, we found a positive correlation between IL-1b and PLP expression levels (r ¼ 1; p < 0.001). In PLAE mice, we observed a negative correlation between NLRP3 inflammasome and MBP expression levels (r ¼ À0.964; p < 0.05) and between Caspase1 and PLP expression levels (r ¼ À0.950; p ¼ 0.05) in the PFC. In the HPC of PLAE mice, we observed a significant negative correlation between NFкB/p65 transcription factor expression and PLP levels (r ¼ À0.985; p < 0.05). Correlations among the other proteins analysed were not statistically significant.
Discussion
Animal model and behavioural effects induced by prenatal and postnatal alcohol exposure
Using an animal model of maternal binge-like alcohol drinking, the present study shows that prenatal alcohol exposure, and/or in combination with early postnatal exposure, induces an increase in pro-inflammatory molecule expression and diminished expression of myelin proteins in the HPC and PFC of alcohol-exposed offspring. Furthermore, such alterations were associated with persistent motor function and cognitive deficits in young adult mice.
Alcohol drinking during gestation, even in moderate doses, may have deleterious effects on the early development of the foetus and continued growth and development after birth (Jacobson and Jacobson, 2002; Jacobson, 1997; Valenzuela et al., 2012) . The CNS is especially vulnerable to the teratogenic actions of alcohol because of its extended developmental period, and its related alterations are among the most severe manifestations of FASD, impairing a wide range of processes such as learning, memory, attention, fine motor coordination, judgment, social interaction and emotional behaviour (Riley et al., 2011) . However, the subsequent behavioural outcome is markedly influenced by factors including the level and pattern of alcohol exposure, the route of administration and the timing of alcohol exposure during development. We exposed dams to a voluntary mouse model of binge-like alcohol drinking known as the DID test (Rhodes et al., 2005; Thiele et al., 2014) , devised to prevent mothers from undergoing stressful situations. This limited access model, in which pregnant females voluntarily drink alcohol and reach high BACs that may lead to behavioural impairments, appropriately recreates the bingeing patterns observed in some human alcoholics (Boehm et al., 2008; Crabbe et al., 2011; Sprow and Thiele, 2012) . In our study, dams showed a higher alcohol intake during the binge drinking sessions (4 h access) compared with the 3 previous days (2 h access) of each week. Females exposed to the DID test during gestation underwent three binge episodes, whereas dams exposed during gestation and lactation underwent a total of six binge episodes (three during gestation and three during lactation) reaching BAC levels of intoxication as defined by the NIAAA (2016), approximately 80 mg/ dl. Although alcohol intake diminished throughout the prenatal period, the reduction may be attributable to the increase in maternal body weight throughout pregnancy as opposed to changes in the volume consumed. In addition, we found a positive correlation between alcohol intake levels, volume consumed and blood levels, suggesting that the dams that drank more induced more defects in their progeny as alcohol swiftly crosses the placenta and may be detected in the foetus within 1 min following a rise in maternal BAC (Burd et al., 2012) . Additionally, the increase observed in water consumption during the lactational DID procedure was also observed in both water-and alcohol-exposed females during ad libitum access periods after parturition. Therefore, it may be attributed to an increased physiological demand for fluid intake to support milk production (Bentley, 1998) . Nevertheless, food intake and maternal body weight were not affected by alcohol consumption as no differences were observed between groups. Few studies have used the DID procedure as a model of prenatal and postnatal binge-like alcohol exposure. In a previous study (Boehm et al., 2008) , the DID test paradigm was employed throughout the gestational period to model FASD in C57BL/6 mice. Our study differs from this in that we extended maternal alcohol consumption until weaning (PD-21), given that a significant phase of brain development occurs after birth in rodents (Patten et al., 2014) . Furthermore, such a procedure better mimics the human condition in which some alcoholic mothers continue to drink throughout the breastfeeding period (Breslow et al., 2007) . When a lactating woman consumes alcohol, it is transferred into the milk, equalling the levels found in maternal blood (Guerri and Sanchis, Fig. 9 . Persistent effects of alcohol exposure during development on myelin. The expression levels of MBP, PLP and MAG were analysed in the PFC and HPC of PAE (A, C) and PLAE mice (B, D). GAPDH was used as loading control. Data are presented as mean ± SEM (n ¼ 4e6 per group). Student's t-test *p < 0.05, **p < 0.01 Water vs. Alcohol. 1986). Alcohol administered through breast milk may alter offspring behaviour and early development, but scarce research data is available regarding the long-term effects of binge-like alcohol drinking during lactation (Mennella, 2001; Haastrup et al., 2014) .
Although the offspring of dams exposed to the DID test during gestation and lactation periods did not differ in weight, litter size or pup mortality when compared to their counterparts, behavioural assessment at late adolescence and adulthood yielded to lifelong cognitive deficits and motor coordination impairments. In humans with FAS, microcephaly, agenesis of the corpus callosum, errors in migration and anomalies in the CNS development have been reported in post-mortem studies. Neuroimaging studies also revealed overall brain volume reductions in FASD patients ). In agreement with human findings, rodent models of PAE have shown reductions in brain and body weight and reduced litter size in alcohol-exposed offspring (Abbott et al., 2016; An and Zhang, 2015; Chappell et al., 2007; Comeau et al., 2014; Dasgupta et al., 2007; El Shawa et al., 2013; Helfer et al., 2014) . Nevertheless, other studies reported no differences in litter size or pup weight in rodent models of alcohol exposure in utero, which is consistent with our results (Allan et al., 2003; Barbier et al., 2009; Brady et al., 2012; Choi et al., 2005; Cullen et al., 2014; Hausknecht et al., 2014; Kleiber et al., 2011; Savage et al., 2002) . Interestingly, Boehm et al. (2008) reported reduced body weight in adolescent offspring mice, but not in adult mice, suggesting that such a deficit was reversed by compensatory mechanisms. Differences in the alcohol dose administered and timing of exposure may account for such discrepancies in the literature.
FASD patients show deficits in fine motor control tasks and postural balance (Connor et al., 2006; Lucas et al., 2014) . In our study, motor coordination impairments were found in PAE and PLAE mice in late adolescence that were evaluated by the accelerating rotarod test, involving a whole network of motor skill learning-associated brain areas (Scholz et al., 2015; Shiotsuki et al., 2010) . Although our findings are consistent with other studies of foetal alcohol exposure, a few discrepancies regarding this issue do exist in the literature. Motor deficits were found following continuous prenatal access to 24% v/v alcohol in rats (Tong et al., 2013) and in mice prenatally exposed to 18% v/v alcohol (Cebolla et al., 2009 ). However, the prenatal DID test did not alter the rotarod performance either in adolescent or adult mice offspring (Boehm et al., 2008) , and after chronic intragastric administration of 6 g EtOH/kg/day throughout gestation, no rotarod impairments were observed in adult rat offspring (Dursun et al., 2006) , although higher maternal BACs were recorded in those studies (124e180 mg/ dl and 334.45 ± 18 mg/dl, respectively).
A subtle range of cognitive defects has also been described in children prenatally exposed to alcohol, including disabilities in learning and memory, social interaction, attention and hyperactivity (Clarke and Gibbard, 2003) . Although no alterations were found in PAE mice, we showed a deficit in working memory as assessed by the Y-maze test in adult PLAE mice. Nevertheless, no impairment was found in the object recognition test, which recruits not only the HPC but also its interactions with the perirhinal cortex and the medial PFC (Barker and Warburton, 2011) . Accordingly, deficits in spatial learning and memory have been reported in different preclinical models of foetal alcohol exposure (Berman and Hannigan, 2000; Marquardt and Brigman, 2016) . Rats prenatally exposed to alcohol showed spatial working and reference memory impairments that became more evident as task difficulty increased (Popovi c et al., 2006) . Also, executive function impairments assessed by reversal learning in the Y-maze were found in PAE adolescent and adult mice (Allan et al., 2014; Marquardt et al., 2014) , thus supporting our results. However, previous studies administering chronic moderate doses of alcohol (6% v/v alcohol) did not show impairments in the Y-maze task in either adult or aged rats (Cullen et al., 2014) . Such discrepancies with our results may be due to the lower concentration of alcohol used (6% v/v), the lower maternal BACs achieved (~30 mg/dl), the different ages at which offspring were tested and differences in species. Indeed, the levels of alcohol consumption by mothers appear to be related to the behavioural outcome observed in the offspring. Accordingly, the spontaneous alternation score showed an almost significant negative correlation with the maternal BAC in PLAE mice, whereas this was not found in PAE mice, showing no impairment in the Ymaze task. Additionally, studies of voluntary prenatal alcohol drinking showed that adult offspring of dams with continuous access to a 10% v/v alcohol solution had increased novelty exploratory behaviour (Allan et al., 2003) or delayed learning acquisition in the Barnes maze test, a spatial reference memory task (Kleiber et al., 2011) . In C57BL/6J mice (Brady et al., 2012) , a limited access to a solution of 10% v/v alcohol during gestation produced deficits in the delay-non-match-to-place spatial memory test, a hippocampaldependent learning task in adult offspring. Indeed, PAE induces long-term deficits in synaptic plasticity in the HPC as a result of numerous subtle neuronal changes (Fontaine et al., 2016) , which may underlie some of the behavioural abnormalities described. Although we did not find differences in the object recognition test in alcohol-exposed mice compared with their counterparts, we cannot discard the fact that binge alcohol exposure did not produce any impairment in the HPC. Greater behavioural alterations were found in the group of mice receiving both pre-and postnatal alcohol exposure, possibly due to a cumulative effect of alcohol exposure or the developmental timing of alcohol exposure during early postnatal development. Indeed, some brain areas, such as the HPC, are perinatally developed in both rodents and humans (Semple et al., 2013a) .
Effects of alcohol exposure during foetal and postnatal development on neuroinflammation associated with myelin damage
Neuroimmune response alterations and inflammatory reactions are effects produced by early alcohol exposure in the brain that could be possible molecular mechanisms underlying the behavioural and cognitive alterations observed. Therefore, molecular markers of the neuroimmune response and neuronal and myelin proteins were examined in the PFC and HPC. We observed enhanced expression of pro-inflammatory factors in the brain of PAE and PLAE adult mice compared with their counterparts, suggesting that early binge-like alcohol exposure induces persistent neuroimmune alterations that persist until adulthood. TLR4, NF-кB/ p65, NLRP3, caspase-1 and IL-1b levels increased mainly in the PFC after gestational alcohol exposure. In contrast, pre-and postnatal alcohol exposure led to an increase in all the aforementioned markers, in addition to TLR2, in the PFC and HPC. Indeed, most of the neuroimmune markers analysed correlated positively with each corresponding maternal alcohol intake, suggesting that higher alcohol consumption would lead to greater activation of the proinflammatory pathways. Recent studies have also demonstrated that alcohol intake activates the innate immune system in the CNS, leading to neuroinflammation and contributing to brain damage and behavioural dysfunctions. Such studies have shown that alcohol or alarmins (e.g. HMGB1), both in vitro and in vivo, are capable of activating innate immune receptors, such as TLRs, in glial cells, thus triggering TLR4-dependent downstream proinflammatory transcription factors, such as AP-1 and NF-кB, and resulting in the production of cytokines, chemokines and inflammatory mediators (Alfonso-Loeches et al., 2010; Crews and Vetreno, 2014; Fernandez-Lizarbe et al., 2013 Montesinos et al., 2015) . Alcohol also induces the recruitment of NLRP3 inflammasome multiprotein complex through TLR4 in glial cells stimulating the cleavage of pro-IL1b by the activated cysteineprotease caspase-1 along with reactive oxygen species (ROS) formation to generate IL-1b, thus amplifying neuroinflammatory response (Lippai et al., 2013; Montesinos et al., 2016) . Indeed, in TLR4 À/À mice, the inflammatory response and brain damage induced by alcohol was completely abrogated (Alfonso-Loeches et al., 2010; Fernandez-Lizarbe et al., 2009) , supporting the role of TLR4 signalling in alcohol-induced neuroinflammation. However, although the effects of alcohol on immune response in adolescents and adults have been widely documented (Alfonso-Loeches et al., 2010; Crews and Vetreno, 2014; Montesinos et al., 2016 Montesinos et al., , 2015 , the significance of neuroimmune activation during the early stages of brain development and its pathological and behavioural consequences are still uncertain. The stimulation of glial cells and the upregulation of proinflammatory factors in several brain regions have been reported in neonatal rats exposed to high alcohol levels (Boschen et al., 2016; Drew and Kane, 2014; Terasaki and Schwarz, 2016; Topper et al., 2015) , suggesting that alcohol exposure during the rodent neonatal period, equivalent to the third trimester of human gestation (Alfonso-Loeches and Guerri, 2011), induces glial activation and cytokine production, leading to neuroinflammatory processes. Accordingly, we reported an increase in GFAP expression in mice developmentally exposed to alcohol bingeing, suggesting an activation of astrocytes. Indeed, alcohol-induced neuroinflammation is a key factor in the neurotoxicity observed in FASD (Chastain and Sarkar, 2014; Saito et al., 2016) as alterations in glial cell function may affect neuronal development and survival, contributing to neurodegeneration and subsequently impairing brain connectivity and functioning (Glass et al., 2010; Guizzetti et al., 2014; Heneka et al., 2014; Wilhelm and Guizzetti, 2015) . The sustained activation of microglia and astrocytes causes the production of pro-inflammatory and neurotoxic factors, such as IL1b, chemokines and ROS, which may result in neurodegeneration through the activation of apoptotic cell death in vulnerable neurons (Lehnardt, 2010; Simi et al., 2007) . Accordingly, a diminished expression of NeuN has been found in mice receiving alcohol during both gestation and lactation, suggesting neuronal cell loss that would seem to be induced by maternal alcohol binge drinking and its subsequent pro-inflammatory glial reactions. In addition, the reduction in NeuN levels could also be attributed to the potential effect of alcohol on inhibiting neurogenesis during development (Gil-Mohapel et al., 2010) , which may result in the reduced basal levels of neurons. However, we reported an increase in caspase-3 activity in the PFC, the same brain area in which a diminished expression of NeuN has been observed in PLAE mice, which would suggest an apoptotic cell death induced by developmental alcohol exposure. Similarly, previous studies reported that alcohol exposure during the period of synaptogenesis, also known as the brain growth spurt period, triggers widespread apoptotic neurodegeneration in the rodent brain (Ikonomidou et al., 2000; Olney et al., 2002a Olney et al., , 2002b . Therefore, our results suggest that maternal binge-like alcohol exposure induces a persistent dysregulation of the neuroimmune response in offspring with potentially significant long-term alcohol-related impairments in learning, memory and behavioural dysfunction, such as those we have reported in executive functioning. Accordingly, recent evidence indicates that although the immune system plays a key role during development, dysregulation or activation of immune functions during early brain development may cause long-term effects on both neuronal function and cognitive impairment. For instance, IL-1b within the HPC seems to be required for the maintenance of long-term potentiation, but elevated levels of IL-1b may impair learning and memory processes (Bilbo et al., 2012) .
Abnormalities in myelination and white matter structure are widespread alterations in FASD patients, suggesting that myelin and oligodendrocyte development are targets of developmental alcohol exposure (Sowell et al., 2008) . For instance, a reduction of white matter has been reported in association with poorer myelination in children with FASD, producing a deficit in information processing that may mediate the behavioural deficits observed (Fan et al., 2016) . Myelin disruptions have also been observed in preclinical models of FASD, and such effects may lead to deficient neuronal transmission, contributing to neurocircuitry impairments and cognitive dysfunctions (Guizzetti et al., 2014) . Accordingly, our study shows that the persistent neuroimmune alterations induced by early alcohol exposure were associated with changes in protein components of the myelin sheath in both the PFC and HPC. MAG and PLP protein levels significantly decreased in the PFC and the HPC of PAE mice, while MBP protein levels were not altered by in utero alcohol exposure alone. However, exposure to alcohol during pre-and postnatal development, when myelination and synaptogenesis occur in rodents (Semple et al., 2013a) , induced a significant reduction in the levels of MAG, MBP and PLP in both the PFC and HPC of PLAE mice. Furthermore, early alcohol exposure decreased MYRF expression, which is required for myelination by oligodendrocytes (Emery et al., 2009; Mitew et al., 2014) . Additionally, myelin protein expression correlated negatively with maternal alcohol drinking, indicating that higher amounts of alcohol intake induce greater myelin protein disruptions. Therefore, our results reveal that combined pre-and postnatal binge alcohol exposure leads to persistent myelination deficiencies. Indeed, alterations in oligodendrocyte survival and maturation may disrupt the formation of myelin sheaths, affecting efficient neuronal transmission and cognitive development. Alcohol-induced myelin disruptions may also impair the neurotransmission in corticocerebellar projections affecting motor skill learning (McKenzie et al., 2014) , as observed in PAE and PLAE mice in late adolescence. In fact, poor rotarod performance has been previously associated with hypomyelination (Kuhn et al., 1995) . Furthermore, MIA also induced myelin and axonal abnormalities in the PFC and HPC of offspring (Farrelly et al., 2015; Makinodan et al., 2008) , suggesting an involvement of pro-inflammatory signalling in myelination defects. Indeed, negative correlations have been found between the expression of inflammatory markers and myelin proteins analysed, indicating that an increase in the expression of pro-inflammatory mediators is associated with a reduction in the expression of constitutive myelin proteins. The association between alcoholinduced TLR4 activation and neuroinflammation with myelin derangements was also observed in the brain of adolescent and adult mice after alcohol binge drinking (Alfonso-Loeches et al., 2012; Montesinos et al., 2015) , suggesting the role of the immune system and TLR4 signalling in the myelin changes observed in mice exposed to alcohol during brain development.
Conclusions
The current study reports that voluntary binge-like alcohol drinking during gestation and/or lactation periods induces persistent upregulation of TLR-dependent pro-inflammatory pathways in glial cells, leading to neurodegeneration and myelin damage along with persistent behavioural dysfunctions in offspring, such as spatial working memory deficits and motor coordination impairments. Molecular alterations have been described in the PFC and HPC of prenatal alcohol-exposed offspring and are more evident after pre-and postnatal alcohol exposure. Whether persistent neurobehavioural dysfunctions are related to neuroinflammation and/or myelin disruptions is currently unknown, but the present findings suggest that anti-inflammatory compounds should be considered in the prevention of alcohol-induced brain damage during development.
